Introduction
ZnO has attracted enormous attention as a promising material for short wavelength optoelectronic applications, such as photodetectors, light emitting diodes (LEDs) and laser diodes (LDs) because of its direct wide band gap (~3.37 eV) and large exciton binding energy (~60meV) which is about 2.5 times higher than that of GaN at room temperature, and the availability of large area ZnO substrates [1, 2] . Recently, ZnO has been also intensively studied for the application of thin film transistor (TFT).
For realizing ZnO-based devices, the fabrication of high quality, stable and reproducible n-and p-type ZnO (pZnO) thin films is essential. However, the earlier works reported that it is difficult to obtain p-ZnO thin film due to self-compensation from native donor defects such as zinc interstitials (Zn i ) and oxygen vacancies (V O ) or hydrogen as unintentional extrinsic donor [3, 4] . Furthermore, there has been high demand for improving the stability of p-ZnO semiconducting layer. Although the stability of p-ZnO is one of the most important subjects, there have been rare reports for the stability of p-type conduction in ZnO films. Vlasenflin et al. reported that the ZnO film dual-acceptordoped with N and P maintained p-type conduction for two months [5] . However, they did not show the dependence of the stability on the preparation process of p-ZnO in detail.
In the present work, p-ZnO film was fabricated by the deposition of ZnO on P-doped Si layer and the subsequent annealing process to drive P into ZnO. P is one of well-known p-type dopants in ZnO. We also investigated the effect of O 2 addition during deposition process on the stability of P-doped p-ZnO films for the application to pZnO TFT.
Results and discussions
P-doped Si film was deposited on a SiO 2 -coated Si substrate by atmospheric pressure chemical vapor deposition technique using SiH 4 and PH 3 gases at substrate temperature of 600 ℃. Then 150 nm-thick ZnO thin film was deposited on P-doped Si layer at 200℃ using RFmagnetron sputter deposition technique. ZnO film on Pdoped Si was annealed at 400, 500, and 600℃ in an ambient gas of oxygen for 30min on a resistive heater. Room temperature Hall measurements were carried out using the van der Pauw configuration. As contact electrodes for the Hall measurement, 300 nm-thick Al dots was deposited using e-beam evaporation through a shadow mask. Figure 1 illustrates the SEM images of P-doped ZnO films deposited with various ratio of Ar/O 2 gas. The surface morphology was significantly affected by O 2 addition. The surface morphology of P-doped ZnO film deposited in pure Ar ambient was obviously rough compared to P-doped ZnO films deposited in Ar/O 2 ambient. Yang et al. reported that the surface morphology and grain of P-doped ZnO films became smoother and denser with increasing the O 2 partial pressure in sputtering deposition process [6] . The increase of O 2 partial pressure enhances the density of the nucleus and lateral deposition rate, and causes smooth and dense Pdoped ZnO films. It is also expected that native defects such as Zn i and V O would be reduced in P-doped ZnO films by adding O 2 gas in the ambient during deposition. Based on the data in Table I , we can deduce a cause of p-type conduction of P-doped ZnO film. If P atoms are substitutes for Zn atoms, ZnO films deposited in Ar/O 2 ambient would show the higher hole concentrations than those deposited in pure Ar ambient, because V Zn is the dominant defect in Ar/O 2 ambient, and P atoms might replace Zn atoms to form a complex such as P Zn +2V Zn which acts as an acceptor in the P-doped p-ZnO films [8, 9] . However, as shown in Table I , ZnO film deposited in pure Ar ambient shows the higher hole concentration than those deposited in Ar/O 2 ambient. This fact indicates that P atoms replace O atoms to form P O to act as acceptors in the Pdoped p-ZnO thin film.
In order to investigate the stability of P-doped p-ZnO films, we evaluated the change of conduction type of the films for twenty days. The films were stored in N 2 box to eliminate the effect of humid air on the sample degradation. Table II shows the stability of P-doped p-ZnO films deposited with various Ar:O 2 ratios and annealed at temperature ranging from 400 ℃ to 600 ℃. In the case of ZnO thin films as-deposited in Ar/O 2 ambient, it was impossible to perform Hall measurement due to their high resistivity. All the samples exhibited strong p-type conduction after annealing for 30min. The annealing process must have resulted in the effective diffusion of P from underlayer to ZnO film. However, conductive type of the sample deposited with Ar/O 2 =30/0 and 25/5 was converted from p-type to n-type after 2 -10 days, while the sample deposited with Ar/O 2 =20/10 remained p-type conduction even after twenty days. These results indicate that the stability of the p-type conduction in P-doped ZnO thin films was improved with increasing the O 2 partial pressure in the deposition process.
Summary
We studied the influence of the sputtering gas and the annealing temperature on the stability of P-doped ZnO films. P-doped p-ZnO film which was deposited in pure Ar ambient showed higher hole concentration than that of ZnO film which was deposited in Ar and O 2 ambient. On the other hand, the stability of p-type conduction in P-doped ZnO film was improved with increasing the O 2 fraction in ambient gas during deposition process. The present work also indicated that a substitutional P (P O ) at an O lattice site contributes to p-type conduction in P-doped ZnO film.
